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Investigation of ionic and electronic conductivities in modified
Jamie A. Shetzline*, Jung-Min Oh, & Stephen E. Creager
carbon/zirconia composites
Clemson University - Chemistry Department, Clemson, SC - USA
Ionic and electronic conductivities were recently shown to be able to
be independently probed utilizing a near-DC based method for free
standing thin films containing mixtures of nafion and carbon black.
Recently the mixed conductivity methodology was extended to
packed powders in order to study ionic and electronic conductivities
of carbon/zirconia nano composite materials for which molecular
and polymer electrolytes were covalently grafted onto the carbon/
zirconia particle surfaces. The method relies upon careful control of
the nature of the contact between the sample and the current-carrying electrodes, as well as the geometry of the sample configuration.

Functionalization of carbon/zirconia materials
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Oh, J. M.; Kumbhar, A. S.; Geiculescu, O.; Creager, S. E., Mesoporous
Carbon/Zirconia Composites: A Potential Route to Chemically
Functionalized Electrically-Conductive Mesoporous Materials.
Langmuir 2012, 28 (6), 3259-3270.

Templated mesoporous carbon xerogels with
5 nm Zirconia nanoparticles synthesized
from the polymerization of resorcinol-formaldehyde
with the slow addition of a Zirconia-propoxide sol
solution. The mixture is aged, thermally treated
(1000 ˚C), and then etched with a caustic 6M NaOH
solution. The resulting sample is washed to remove
all of the base. The xerogel is finally dried at 85˚C.
The resulting powder is a highly porous, high surface
area carbon/zirconia sample.
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Zirconia nanoparticles (5-10 nm) can be deposited
onto the surface of carbon materials utilizing a condensations reaction starting from the same zirconia
sol as the templated zirconia/carbon xerogels. The
sol is dispersed with the carbon material (Vulcan XC72) and sonicated. Following sonication, the sample
is refluxed overnight, filtered and washed with DI
water. The resulting sample is dried and thermally
treated under argon in a tube furnace at 450˚C to
drive the zirconia particles to the cubic phase.

Impedance Analysis of mixed conducting
free standing thin film shows phase angle
near 0˚, meaning capacitive charging
between the ionic and electronic components can be neglected for the configuration
used below.
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Free standing thin films are difficult to
produce at higher carbon compositions.
We looked to find a similar method to investigate ionic/electronic conductivies,
without the burden of synthesizing thinfilms.

Sample
IEC Titration
ZrV + PVPA
0.297 mmol H+ /g
ZrV + mSPPA 0.095 mmol H+ /g
ZrV + PPA
4.90−3 mmol H+ /g
ZrV +
5.85−4 mmol H+ /g
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The small path length between the
electrodes creates for a situation where the
contacts in the ionically conducting setup
(red) becomes the dominating part of the
impedance measurement. When the contacts
are dominating the measurement, it becomes
difficult to extrapolate the individual conductive components of the sample. Cyclic Voltammetry of 10% carbon black/90% nafion
sample shows strong dependence on scan rate
and confirms the non-zero phase shown in EIS.
Alternatively, in the 90% carbon black sample,
the phase starts to approach 0˚ at low frequencies. This situation is the one at which the
capacitive coupling between carbon black
and nafion is minimized and only the ionic
portion is probed.

20% carbon black
80% Nafion

Shetzline, J. A.; Creager, S. E., Quantifying Electronic and Ionic Conductivity Contributions in Carbon/
Polyelectrolyte Composite Thin Films. Journal of the Electrochemical Society 2014, 161 (14), H917-H923.

O

10

Slow scan (0.1 mV/s) cyclic voltammetry was
utilized to probe the resistance of free standing
thin films by carefully controlling the contacts.
Interchangeable electrodes were utilized to alter
the contacts in order to interrogate the individual
electronic (A) or ionic (B) conductivities.

Mixed conducting,free standing thin
films were interrogated at 80˚C, while
varying the relative humidity (%RH).
Ionic conductivities increase with increasing %RH, while electronic conductivities
decrease with decreasing %RH. This
is due to the swelling that occurs upon
hydration of the thin films, disturbing
the percolated carbon network.
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-Modify any carbon material (carbon blacks, CNT,
graphene, etc.)
-Specific Surface Area 150 m2/g (modified XC72)
-Tailored amount of ZrO2 (10-40%) (modified XC72)
- Pore volume 0.2 cm3/g (modified XC72)

Independent measurements of ionic and electronic conductivitiesFree standing thin films
non-ionic/non-electronic film
polyvinylidene fluoride (PVDF)

O

-Specific Surface Area >750 m2/g
-Tailored amount of ZrO2 (10-35%)
-High pore volume 2 cm3/g
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Platinum catalyst

Small molecules and polymers can be directly
attached via an irreversible zirconiaphosphonate covalent bond
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Electrochemical Impedance Spectroscopy (EIS)
was recorded utilizing CH Instruments 660A over
a frequency range of 100,000 to 0.001 Hz with
an excitation amplitude of 0.01 V in either electronically conducting/ion blocking (blue) or ionically conducting/ electron blocking set-up (red).
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